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ABSTRACT

A computer simulation is enployed to evaluate three alternative
particulate air pollution control strategies utilizing St. Louis as a
nodel region with the follow ng objectives:

(i) Quantification of the cost savings of two |east-cost
strategi es based on alternative linear programming (LP) formulations --
an air pollutant enmissions |east-cost (ELC) strategy and an anbient air
qual ity least-cost (ALC) strategy, and conparison of these nininum cost
strategies with a third strategy suggested in the State Inplementation
Plan (SIP) Guidelines (typical of the strategies included in the plans
submtted to EPA by the states).

(ii) Evaluation of the relative inportance of two inportant
characteristics of the regional air pollution problem-- the variation
in marginal control costs from source-to-source and the variation in the

impact a source may have as a function of location, stack height, etc

(iii) Evaluation of the inpact on total regional costs of
increasingly stringent ambient air quality standards, with anbient

quality levels ranging approximately from the prinmary to the secondary
st andar d.

(iv) Derivation of the costs of alternative enissions tax
strategies, based on the ELC and ALC solutions, which achieve the

primary and secondary standards

(v) Conparison of marginal costs and benefits of control at
the prinmary standard.

The ELC strategy assunes a linear relationship between air quality
and total regional enmissions ( i.e. , that a given percentage reduction



in total regional enmissions will give the same percentage inprovenment in
air quality) and allocates the control burden on the basis of margina

control costs only. This assunption leads to the |east-cost nethod of
attaining a given reduction in total regional emssions. The ALC
strategy produces the |east-cost nmethod of attaining prescribed regiona
air quality by considering individual source-receptor transfer
coefficients (i.e., geographical Location), as well as marginal contro
costs. These two degrees-of-freedom are found to be of roughly equa
inportance in deternmining |east-cost solutions. That is, the ELC
strategy captures only one-half of the total potential savings achieved
by ALC in attaining a given air quality standard. In addition, the ALC
strategy requires as little as one-tenth the expenditure of the SIP
strategy which ignores both degrees-of-freedom A policy which enploys
a single emssions tax based on mass enissions, rather than inplementing
the ALC solution to attain a desired air quality, sacrifices substanti al
savi ngs since the emissions tax strategy can be no cheaper than the

ELC solution. The inclusion of area sources and costs of standards
enforcement nmay erode some advantage of the |east-cost strategies over
the SIP strategy, and of the ALC over the ELC approach.

A conparison of narginal costs and prelimnary marginal benefit
figures for health and welfare at the primary standard indicates that
stricter control is econonmically justified. Marginal control costs for
the entire region at the level of the secondary anbient air quality
standard are found to be four tines the marginal costs at the |evel of
the primry standard.
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SECTI ON |

CONCLUSI ONS

particulate air pollution control strategies of the type included
in the State Inplenmentation Plan (SIP) Guidelines are six to ten tines
as costly in achieving a given level of air quality as an anbient |east-
cost (ALC) strategy which allocates the control burden on the basis of
both individual source narginal control costs and source-receptor trans-
fer coefficients (derived from dispersion paranmeters such as |ocation,
stack height, and other neteorological paranmeters). The ALC strategy,
based on a linear programming (LP) solution, is the |east-costly nethod
of attaining anmbient air quality standards.

A second LP solution, an enmissions |east-cost (ELC) strategy,
al locates the control burden only on the basis of marginal control costs
wi t hout considering the inpact of variations in transfer coefficients,
realizing approximately half of the cost savings of the ALC strategy.
The ELC method produces the required reduction in regional enissions (as
conputed assuning anbient quality and total regional emissions are
linearly related) at mninum cost, but only in the trivial case yields
the mininmum cost to achieve the corresponding anbient air quality stand-
ard. The cost of a single enissions tax based on mass emi ssions woul d
approach that of the ELC strategy. Consideration of area source control
costs, which nmake up 20% of the regional enissions, and strategy enforce-
ment costs may reduce the advantage of the |east-cost strategies over the
SIP strategy and of ALC over ELC

Conparison of marginal costs and prelimnary marginal benefit figure
for health and welfare at the primary standard indicate that stricter
|l evel s of control are economcally defensible. Myving fromthe primry
to the secondary standard, total regional control costs increase by a

factor of four.



The problemsolving technique used in this analysis could be inproved
in several ways. An ideal fornulation would be one which neets technical
feasibility requirenents and resource constraints, while including the
intermedia and nultipollutant inpacts of control devices, i.e., nargina
control costs, transfer coefficients, and several discrete contro
alternatives for each pollutant and source would ideally be included in
a mxed-integer optinzation program However, the |arge nunber of
sour ce-device conbinations would require years of conputer effort if
conventional techniques (e.g., branch-and-bound) were used. A heuristic
approach could be adopted with the caveat that the solution is only an

approxi mati on (though hopefully a close one) to the optinmm



SECTION 11

RECOMMENDATI ON

A nunber of recommendations can be made for future work in devel op-
ing least-cost air pollution control strategies so that cost-benefit

accounting will be nore conplete

(1) Considerable reduction in the total cost of control can be
achieved by utilizing the assinilative capacity of the anbient air.

(2) More research attention should be given to estimating the
appropriate level for the secondary standard, since marginal benefits
to health and welfare appear to exceed marginal costs at the primary
standard, i.e., it appears that a cost-benefit analysis would support a
more stringent standard. In particular, this will require nore infor-
mation on the costs of fine-particulate control and the resulting
benefits.

(3) Because sone control neasures generate significant multiple-
pol lutant effects, |east-cost solutions should be devel oped which sinul-
taneously meet air quality standards for the five primary pollutants.

(4) The other-nedia effects of air pollution control, especially
water quality degradation, nmay also be inportant and should be introduced

(5) Techniques for including area source control costs should be
incorporated into the |least-cost solution. This will be especially
important as nobile sources of pollution (represented as area sources)
are included in the analysis.

(6) The informational requirements as well as administrative and
enforcement costs (transaction costs) associated with the inplenmentation



of least-cost solutions should be investigated. Because each source has

a unique enmission level in a l|least-cost strategy,
al nost

transaction costs wll
certainly be higher than they are for the SIP strategies and wll
partially offset the cost advantages of the |east-cost strategies.



SECTION |11

| NTRODUCTI ON

In accordance with the Cean Air Act of 1970, each state has
submitted to the Federal Government a State Inplenentation Plan (SIP),
whi ch describes their basic air pollution control strategy for achieving
the Federally set ambient air quality standards. This strategy has
essentially the same structure for all states, usually consisting of a
set of three em ssion standards, each of which defines the allowable
em ssion rate for all point sources in a broadly defined category.
Typically, plant size is the only variable in the function describing
all owabl e em ssions within each category. Larger plants are allowed
greater emssions in all cases, even though sone standards require a
decrease in emssions per unit of plant input or output as plant size
increases. Allowable enissions for each SIP control strategy are deter-
mned by adjusting the level of the standard, e.g., the nunber of pounds
of particulate allowed per million BTU heat input, until the resulting
air quality, predicted by a neteorological nodel or rollback calculation,
is equal to or less than the Federal standard. The roll back cal cul ation,
which assumes that air quality is inproved by the sane percentage that

em ssions are reduced, is explained below in greater detail. (See also [21].

In determining the allowable emissions for each SIP strategy, two

important variables are onitted:

(1) transfer coefficients -- sone sources degrade air quality nore
than others because of different Location, stack height, average mXing
height, stack exit conditions, stability wind rose (speed, direction,
and stability class) and pollutant decay rates -- factors referred to
as dispersion paraneters throughout this paper. Transfer coefficients
are derived from dispersion paraneters and are enployed to transform

i ndi vidual source emissions into anbient air quality at specific receptors.



(2) control costs -- marginal control costs not only rise rapidly
wi th increasing abatenment, they also vary considerably from one source
to the next.

The work described in this report is a first step in attenpting to
quantify the typical penalty in econonic efficiency associated with the
current SIP air pollution control strategies, i.e., to identify the |east-
cost solutions, and to investigate ways of modifying the SIP strategies
to move them closer to the least-cost solutions. One of these solutions
the em ssions |east-cost (ELC) strategy, is the least-cost nethod of
achieving a regional nmass emissions standard and utilizes only the
infornmation in (2) above. The other, the anbient |east-cost (ALC
strategy, enploys both (1) and (2) and is the least-cost nethod of
achieving a specified anbient air quality standard. However, the ALC
solutions as developed in this paper will not quite be the true |east-
cost solutions, since area source control costs and strategy enforcenent
costs are not included in the analysis.

Since the ALC program nmakes use of more information than the ELC
routine in mnimzing costs, the latter nmust be at |east as expensive as
the former in achieving a specified air quality. To make clearer the
i nportance of optimzation subject to constraints enploying transfer
coefficients, consider the case of a |arge nodern suburban power plant
whi ch incurs | ower marginal control costs than a smaller antiquated city
plant. In the ELC solution the suburban plant would probably be controlled
nore than the central city source, since the latter has ol der, |ess
efficient abatement equipment. Levels of control will differ, however,
in the ALC solution, if the |arge suburban source contributes less to
degradation of anmbient air quality measured at monitoring sites (generally
located in or near the urban core) than does the central-city source
The greatest abatenent woul d be required of the source which achieves
the largest inprovenent in ambient air quality per dollar spent on
particulate control. The ELC based level of emssion control for the
suburban source mght be unnecessarily costly. The use of additiona

6



information relating individual enmissions to ambient air quality wll
reduce ALC total cost below the ELC level or leave cost unchanged in the

unlikely case that all individual transfer coefficients are identical.

The thrust of this paper is that the omission of both variables
produces SIP control strategies that are nore expensive than necessary
to achieve a given level of air quality. |If the viewis taken that the
assimlative capacity of the atnosphere is a scarce resource which can
be rationed by standards and that environmental goals should be achieved

at mnimum cost, both of these variables nust be considered.

This study utilized emissions data based on the 27 largest point
sources of particulate enmissions in the St. Louis Air Quality Control
Region (AQCR), plus an added constant to account for natural (i.e.,
uncontrol | abl e) background groundl evel concentration, However, the
model should give realistic results, since the 27 sources account for

approximately 80% of the particulate enmissions in the St. Louis AQCR

This analysis included the followi ng steps:

(1) Devel opment of the ALC and ELC linear programm ng (LP) strategies
and the SIP strategy for achieving particulate air quality standards,
using the same meteorol ogical nodel, enissions data, and cost coefficients
to predict the inmpact of each strategy; (2) Determination of the LOSS in
econonic efficiency associated with the SIP strategy as a function of
ambient air quality for the AQCR by conparing the SIP strategy costs with
those of the two least-cost solutions; (3) Conparison of the costs of
an emission tax strategy to the costs of the ALC and ELC sol utions;

(4) Conparison of marginal benefit and cost figures at the primry
standard; and (5) Analysis of alternative problem fornulations used by
various investigators in the field, making recommendations for future
research.



In this last effort, interest was focused on alternative ways of
defining the objective function and i ndependent variables in the LP
algorithmused to find the least-cost solutions. Aternative problem
formulations were judged by their solutions’ engineering feasibility
and the handling of synergistic effects of multiple-pollutant control
neasures, both within and between nedia. Utimtely, it is hoped that
it will be possible to conpare cost data with highly refined benefit

nunbers to deternine the appropriate standard.



SECTION |V

REVI EW OF THE LI TERATURE

Many | east-cost nodels have been formulated in which direct regiona
control costs are minimzed subject to anbient air quality constraints.
Kohn [6, 7, 8] enploys an LP nodel for the St. Louis region to mnimze
control costs while satisfying certain production and consunption
constraints and anbient air quality standards for five pollutants. His
decision variables are levels of control activities, and he assumes a
linear relationship between total regional emssions of each pollutant
and regional air quality. This |inear mapping neans that only source-
to-source variations in marginal control costs are used to structure the
LP solution, i.e., the effects of individual source transfer coefficients
are ignored. This approach is defined above as the ELC strategy and is
usual ly considerably nore costly than the ALC strategy, as denonstrated
bel ow.

The engineering feasibility of Kohn's work cones into question when
divisibility is considered. A solution may call for the use of two or
more design efficiencies whose joint utilization mght be inconpatible.
In addition, Kohn's decision variables are defined so that marginal costs
are constant at all activity levels, regardless of the control neasure
throughout. Mdre is said on the inportance of these assunptions |ater.

The approach of Seinfield and Kyan [16] w Il not guarantee attain-
ment of anbient air quality goals at mnimm cost since they also enploy
an ELC program Individual transfer coefficients are omtted during the
| east-cost solution of the Seinfield-Kyan program and are only enployed
to map nmass enissions into regional ambient air quality after the cost-
m ni m zation problem has been solved

In an approach sinmlar to Kohn's, Teller [17, 18] ninimzes the

total cost of low and high-sulfur fuel for all sources subject to anbient

9



air quality constraints for sox. He finds that the ALC solution is

consi derably cheaper than the ELC, and that abatement only when pollution
epi sodes are forecast is nuch less costly than constant abatement.

Teller utilizes Turner’s somewhat rudinentary diffusion nmodel and allows
only fuel substitution as a control neasure. Despite this, he avoids

the shortcomings of Kohn's ELC solutions (which optimze subject to nass
em ssion constraints).

Norsworthy and Teller [13] extend Teller's analysis [17, 18] by
suggesting an LP approach in which the benefits as well as costs of
pollution abatenent are directly evaluated in the objective function.
They suggest a separable programmng approach to handle the non-Iinear-
ities in total benefit and cost functions. The objective function is
defined as net social benefits, i.e., the difference between tota
pollution control costs (including regional inpacts) and total savings
fromreduced nortality, norbidity, and structural damage. Although not
quantitatively estimable because benefit functions are poorly devel oped
the solution to this formulation would be socially optinal

Burton and Sanjour [1] and the Consad Corporation [2] enploy integer
progranmi ng to conpare three strategies for SOx and particulate contro
for the Kansas City area. Individual source transfer coefficients are
employed in the constraint equations. The integer program first ranks
the alternative control methods for each source according to annualized
cost. The algorithm then examnes an initial case involving the least-
costly control nethods for each source and heuristically searches through
the other source-control conbinations for a least-costly solution that
satisfies the air quality constraints. The solution converges toward
the gl obal optimum (assuming it avoids local optina) but rarely reaches
It, in contrast to linear and separabl e progranm ng. However, an advan-
tage of heuristic integer programring is that solutions are in terns of
discrete control levels with no nore than one device per source. Certain
problenms of device inconpatibility and interpretation (explained in nore

10



detail below) are avoided. Conparison of the three Kansas City strategies,
a strategy of maximum control for each source, equiproportional particulate
em ssion rollback of at least 20% for all sources, and the ALC |east-

cost solution, indicate savings from the latter strategy are quite
substantial. Total costs are $26, $16, and $7.5 mllion, respectively,

to achieve an air quality of about 85 )xg/m3 particulate matter and

. 025 ppm SOx. The maxi mumcontrol strategy requires substantial abate-
ment of many large sources which degrade air quality very little (because
of suburban |ocation) and other expensive-to-control plants. Thus, an
equi proportional strategy should be less expensive than maxi mum control

in neeting given anbient standards but not as cheap as the ALC |east-

cost nethod.

Russel | and Spofford [15] enploy an LP nodel to meximze social
wel fare subject to constraints on |evels of production and consunption
as well as requirenments for transport, treatment, and discharge of
residuals, rather than anmbient air and water quality standards. The
quantities of generated residuals are input to diffusion mdels which
determ ne ambient concentrations. These in turn are input to damage
functions, whose cost figures enter the objective function on successive
iterations as shadow val ues. Standards (with their inmplicit cost-
benefit conparisons) are not required in the LP npdel, since danage
functions are explicitly introduced into the objective function.

Plotkin and Lewis [14] have followed an approach simlar to that of
Teller [17, 18] in utilizing an LP routine with transfer coefficients in
the constraints to determne |east-cost enmissions consistent with given
particulate air quality goals. The authors enploy data for twenty-seven
point sources and nine receptors using St. Louis as a nodel region.

They employ the cost nodel of the Inplementation Planning Program (1PP)
[19] to determine piecewise linear cost functions for particulate control.
A Gaussian plume-rise diffusion nodel developed by Martin and Tikvart [12]
is also utilized. The ALC particulate control strategy is conpared to
two alternative enmission control programs: an ELC strategy and an SIP

11



strategy representative of those currently being inplenented by the
states. The latter two strategies are found to be two to five times as

expensi ve as the ALC approach in achieving one particular air quality
goal .

The study presented in this paper utilizes the work of Plotkin

and Lewis as a starting point and is simlar to their work in that:

(1) The ALC and ELC strategies are conpared to a strategy repre-
sentative of those currently enployed in the SIPs;

(2) The cost of each strategy is related to the achi evenment of
ambient air quality standards.

However, the present paper differs from previous studies in that:

(1) The costs of all strategies are conmpared over a range of
ambient air quality standards;

(2) The inplications of an em ssions tax are considered and prelim
i nary conparisons of marginal control costs and damages to health and
wel fare are made at the primary standard.

12



SECTION V

PROBLEM FORMULATI ON
DI FFUSI ON MODEL AND COST DATA

This section describes the general data requirenments for the
derivation of the control costs and transfer coefficients enployed
in this paper. These requirements are discussed in greater detail
in the Qperator’s Munual for the | PP Mdel [19].

Transfer coefficients, enployed in the constraint equations, are
derived using a Gaussian diffusion nodel devel oped by Martin and
Tikvart [12]. The neteorological input data required for the nodel
are referred to in Section Ill as dispersion paraneters.* The output
consists of a matrix which gives the contribution of each of m sources
to the predicted annual arithnmetic average pollutant ground Level
concentrations at each of n receptors. Transfer coefficients, with units
of mcrograns per cubic meter per ton per day are obtained by dividing

th receptor due to the j th source by the

the concentration at the i

number of tons enitted by the | th source (usually witten as a matrix
i = e .

2y | 1, cnj o=, ,m

To determine costs three basic types of data are required: source

information, regional information, and control cost data. The first

category includes sources identified by Standard Industrial Cassification

code and source type. Source data describes the inportant point and area

sources, although the latter were excluded from the present analysis.

Point sources include najor stationary fuel conmbustion plants (primarily

industrial and steamelectric power plant boilers), industrial process

*For a nore conplete discussion see [19].
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sources, and solid waste disposal sources (incineration and open

burni ng). The twenty-seven | argest point sources were included in the
present analysis and they accounted for 80% of total particulate em ssions
inthe St. Louis area. Al nobile sources and any other sources too

smal |l or too nunerous to categorize as point sources were treated as

part of the background.

Addi tional required source input data includes tenperature and
volume of the effluent gas stream type and efficiency of existing
pol lution controls (since new ones nmust be conpatible with them, plant
operating schedules (for use in deriving device operating costs), fuel
usage requirenents (to determne the applicability and effectiveness of

fuel substitution), and the maximum process rate (to again determne
device applicability).

Regi onal information consists of data on wage and interest rates,
the availability, costs, and ash content of fuel, and utility costs.

To develop control cost data, the applicability of control measures
to each source was considered. A nunber of devices were exam ned: Wwet
scrubbers (low, nedium and high efficiency); mechanical collectors
(gravity and centrifugal with low, medium and high efficiency); electro-
static precipitators (low, medium and high efficiency); nmist elimnators
(low and high velocity); fabric filters (low, medium and high tenperature);
afterburners (catalytic and direct flame, both with and w thout heat
exchanger); and fuel substitution (elimnation of coal, use O |ow sul fur
coal and fuel oil, or a change of all fuel to natural gas).

The conpatibility of control devices for each point source within
a region was then determined. A nunber of restrictions on device usage
are built intothe IPP, e.g., gravity collectors are too ineffective to
be enployed, cyclone collectors are not applicable for control of fuel
conbustion sources burning fuel oil or gas, electrostatic precipitators
must be high efficiency with oil or gas fuel sources, and only one of

14



the three alternative baghouses may be applied to each source and cannot
be used in conjunction with wet scrubbers. Qher particulate control
devices can be utilized with few restrictions.

The expected pollutant reduction efficiency is calculated for each
device. Corrections for reduction in pollutant-collection efficiency
over time have also been incorporated.

The costs of each device are obtained from the Control Technique
Docunments prepared by EPA [22]. The total annual cost of a control device
includes annualized capital and installation cost (based on a rate of
interest and rated life of the device) as well as annual operating and
mai nt enance costs. Capital costs are principally a function of the source's
size, with installation costs assumed to be a given percentage of capital
costs. Qperating and maintenance costs are based on the quantity of
power, labor, and fuel used by the control device, and the cost or credit
from di sposal of the collected pollutant. Once conputed, the sane
control cost figures were enployed in all control strategies exam ned
in this paper.

A nunber of costs were ignored, however. These included the
adm nistrative costs of enforcing the three control strategies and any
dislocation of workers or alteration of output caused by the purchase of
control devices, as well as any dynam c adjustment in costs. The usage
of “cost of control" and “least-cost" nust be understood in this restricted
sense.

AlR QUALITY CONTROL STRATEG ES

The control strategy portion of an SIP consists of a listing of
em ssion regul ations, sufficient to cover all stationary sources of air
pol lution in the given region, as well as a denmpnstration that the allow

able emission levels included in these regulations will achieve the Federal
ambient air quality standards. The simlarity of these plans from

15



state-to-state is surprising and is probably due to the fact that enission
regul ati ons devel oped by a few of the nore progressive states were used

as nmodels by the others. Virtually every control strategy is based on

a grouping of all stationary air pollution sources into fuel combustion,
industrial process, and solid waste categories, with an em ssions

regul ation for each category.

For purposes of this study, a representative set of enmission regulations
suggested in the SIP Guidelines [21] has been selected to formthe
SIP control strategy. The particulate standards include a heat input
standard for fuel conbustion sources (.30 pounds particulate matter per
mllion BTU), a process weight standard for industrial process sources
(46.72 | bs/hr of particulate per million |bs/hr process weight), and a
refuse-charged emission standard for solid waste disposal sources (.20

pounds particul ate per 100 pounds of refuse charged).

The total cost of applying the SIP strategy to the St. Louis area
was determned fromthe cost of control data by reducing particulate
em ssions to the SIP strategy levels for all twenty-seven sources
Em ssions renmaining fromthe controlled sources were then run through a
di ffusion nodel which predicted anbient particulate ground-level concen-
trations, termed "achieved" air quality, at nine receptors.

For each of the twenty-seven particulate sources, the source type
pre-control emnissions level, and control cost data are listed in Table 1,
and their approximate location relative to the major features of the
St. Louis region is depicted in Figure 1. The locations of the nine
receptors for which air quality predictions are nade are also indicated
in Figure 1. This source-receptor pattern was used for all conputations.

Sinmulation of the anbient air quality resulting fromthe SIP strategy
gives a single point on the curve relating regional air quality to tota
control cost. Each point on this curve is the maxi num of the predicted
ground-1evel concentrations for the nine receptors. In order to generate

16
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Figure 1. MAP OF RECEPTORS AND
SOURCES FOR ST. LOU'S REG ON

Mississippi River

Missouri River

* *\ Receptors

Approximate Location
of worst air quality

W *
7

% W

NOTE:

Numbered points indicate
location of sources listed
in Table 1.
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a functional relationship between total regional control costs and various
air quality levels, a nunber of SIP strategies were devel oped by scaling

up and down the levels of the suggested SIP emi ssion regulations.

As indicated above, the guidelines issued by EPA for the preparation
of inplementation plans allow the states to use either a diffusion nodel
or a sinple proportional nodel to denmobnstrate that their proposed em ssion
standards woul d achieve the Federal ambient air quality standards. Mbst
of the states elect to use the proportional nodel, which is based on a
linear relationship between regional emissions and air quality. |In effect,
a given percentage inprovenent in air quality is assumed to require the
same percentage reduction in emssions. This approach, known widely as
the “rollback" technique, requires calculation of the percentage inprove-
ment in air quality required to neet the anbient standard at the receptor

with the worst air quality. This percentage inprovenent in air quality

or reduction in enissions for the i pol lutant, R,, is defined as:
1
X .y = X .
R.i - xmax(l) x xst:d(l) (100)
max(i) back(i)
wher e: Xmax(i) = existing concentration of the ith pol | ut ant
at the location having the highest neasured
or estimated concentration in the region,
X o . . th
std(i) = air quality standard for the i pol | ut ant,
X oy : . th
back(i) = background concentration for the i pol | utant.

The actual anbient air quality inpact of a given reduction in
regional enissions wll depend upon the exact pattern of individual
source controls. Since the level of emssion reduction dictated by the
SIP'S for an individual plant is generally deternmined by its source
category in conjunction with plant size, required regional enission
reductions may be achieved by heavy control of rural sources, such as
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outlying power plants. In this case, anbient air quality in the urban
core where concentrations were initially highest may not be inproved
the same percentage as regional enissions are reduced. Consequently,
the rollback approach will not necessarily achieve the desired air

quality in the core area. (See [24] for a nore conplete discussion.)

The SIP strategy does not take advantage of narginal control costs
or transfer coefficients. Rather, it places prime inmportance on equity
which is to be achieved when all sources of a particular type and size
are treated equally, regardless of cost and transfer coefficients.

The conplete functional relationship between total regional costs
and anbient air quality was generated for the ELC and ALC as well as
SIP strategies. Since the ALC strategy includes the appropriate source-
receptor relationships (i.e., transfer coefficients) in the constraints,
output from each run of the ALC strategy directly provides a point on
the function relating air quality to regional control costs. Because
the constraints in the ELC approach guarantee only that a given em ssion
reduction has been reached, derivation of this air quality vs. cost
function for the ELC strategy requires the additional step of napping
the post-control ELC pattern of regional emissions into ambient air
quality using a diffusion nodel. As shown below, the rollback technique
is an integral part of the ELC strategy, and leads to the required air
quality only under the nost fortuitous of circunstances.

The ELC strategy nininizes the total cost of control for all sources
subject to a set of equations which include only one constraint repre-
senting the emi ssions reduction required as conputed by applying the
rol I back assunption to the receptor with the poorest air quality.* The
reduction in regional emssions required to neet the anbient standard

*The other constraints are bookkeeping equations for the separable
variabl es (see Appendix B).
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at the eight other receptors nust be less than that for the receptor
with the greatest required inprovenent in air quality. (See Appendix A
for a proof of this assertion.) The constraint is generally stated in
terms of air quality inprovement, which, for ELC, is sinply a constant

times the emssion inprovement (reduction) required

The ELC problem may be stated mathematically as:

T
m ni mi ze cx
: 0 0
subj ect to: LT = ,
=
wher e x = 0.

8¢ = scal ar equal to the greatest reduction

in particulate concentration (pg/m3)
needed to achieve the standard anpbng

the i receptors (i=1, ..., 9),
x = (27x1) vector whose el enent, xj,
(j=1, ..., 27) is tons of particulate

matter required to be removed per day

from the jth source

¢ = (27x1) vector whose el enent, Cj’

(j=1, ..., 27) is the cost of remova
of one ton per day of particulate natter

by t he jth source,

2 = (27x1) vector whose elenents, ap, are
equal to the coefficient (in this nodel
.1214) which relates total regiona
em ssions to air quality, conputed using
the rol | back technique.
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The ELC constraint, a0 Tx 2 bo, enbodi es the rollback calcul ation,

which deternines the required percentage reduction in emssions as:

xmax - Xstd o

max xback

This is easily proven. The transfer coefficient & is defined in
terms of pg/m3/tons/day as:

Xmax - xback s

RE

where RE is regional enissions/day. The termb° is the maxi num required
i mprovenent in anbient air quality (MA) neasured in ;.tg/m3 and is defined
as X - X .. Since Zx is the anount of regional enissions which
max std j 0 .
must be removed (RER) to satisfy the ELC constraint, and since a 1Is a
. . 0
constant, it can be factored out of the constraint, so that a ij = b°.

Thus, this constraint can be witten as:

(xmax - xback)

RE (RER) = MIA
or
RER _ MIA - Xax = Xstd
RE xmax - xback xmax - xback

The ALC nodel ninimizes the total cost of control for all sources
subject to nine particulate air quality constraints. Since the ALC
strategy considers the effect of each source on individual receptors,
it requires one constraint for each receptor, rather than the constraint
corresponding to the receptor with the worst air quality enployed in the
ELC strategy. In addition, ALC enploys a unique transfer coefficient for

each source, while ELC utilizes only one transfer coefficient to nap mass
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em ssions into anbient air quality.* An inportant assunption of the ALC

solution is that

the contribution of each source’'s enmissions to air

qual ity degradation is independent of the contributions from other

sources and additive in effect at each receptor.

The separable ALC nodel

subj ect to: AX

mninze CTx

iv

Iv

wher e b =

*Wth all

three strategies,

can be expressed algebraically as foll ows:

b,

0,

(9x1) vector whose el enent, bi’ (i=1, . . ., 9

represents the required anbient air quality
th

i mprovenent for particulate natter at the i
receptor.

(27x1) vector whose el enent, xj, (j=1, . . . , 27)

is the nunber of tons of particulate matter

required to be renoved per day by the | th

source.

(27x1) vector whose el enent, Cj’ (j=1, . . ., 27)

is the cost of renoval of one ton per day by

the j th source. The ¢ vector is identical to

that of the ELC nodel.

(9x27) matrix of coefficients whose el enent,
aij,(izl, oo 9 =, 00 00 27) is the

transfer coefficient relating tons of pollutant

to be removed fromthe j th source to the
incremental inprovement of air quality at

the i th receptor.

the assunption that the worst air quality

is actually neasured is critical to the validity of the solutions.
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Rapidly increasing costs for each additional unit of control (i.e.
increasing marginal cost) is a significant characteristic of pollution
abatenent, and it is inportant that this characteristic be adequately
represented in both the ELC and ALC solutions. In fact, total cost
curves may approach a vertical asynptote, reflecting infinite costs
for 100% pollutant renmoval. These convex cost functions are represented
by a series of piecewise linear segments and, based on a set of specia
assunptions, separable convex programming is enployed. The interpretation
of solutions obtained using this technique is discussed in the next
section.

| NTERPRETATI ON OF THE PI ECEW SE OBJECTI VE FUNCTI ON
AND ALTERNATI VE FORMULATI ONS

Twenty-seven piecewi se linear cost curves, one for each source, are
used to conpute the objective function.* Each curve traces out an
approximation to the lower bound of points representing the total cost
of the particulate control devices technologically applicable to each
source; there may be a dozen or nore control measures contained in this
set of points. Each curve is convex to the origin and consists of two
straight-line segments. These curves were drawn such that the break-
points (nodes) in the straight-line segments represent physically
realizable control measures (e.g., a high voltage precipitator). Since
all the constraints are linear, a Local optinmum w Il be gl obal

If the solution calls for a Level of control (in terns of tons of
particul ate renoved per day) at a node point (in Figure 2, either 0, A

or C), the control device to be enployed, the nunber of tons to be
renmoved, and the total cost can easily be detern ned

If the solution for the source is at point 0, the source is
conpletely uncontrolled. |If the solution is A 20 tons per day are

*For nore details on the formulation of the separable program see
Appendi x B.

24



Figure 2. HYPOTHETI CAL EXAMPLE OF TOTAL COST
AS FUNCTI ON OF TONS REMOVED FOR G VEN
SCURCE AND APPLI CABLE CONTROL DEVI CES

TOTAL COST
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A : :

TONS REMOVED 20 25 30

25



removed at a total cost of $100. The control nethod enployed and its
removal efficiency are represented by point A Renpval efficiency of
this device (operated at full power) is calculated as the ratio of tons
removed to uncontrolled tons enitted by the source times 100. Point C

has a simlar interpretation.

Sol ution points between 0 and A and between A and Crequire a
different interpretation. Since decision variables are in terns of tons
removed per source at a specified cost, they nmust be translated into a
corresponding optimal control device or conbination of devices. However,
since there are only a discrete nunber of applicable control devices, a
uni que corresponding device may not exist. In this case the closest
device, or a convex conbination of two devices which bound the theoretically
optimal (but nonexistent) device, will have to be chosen. Any point B
is a convex combination of devices Aand Cif B = aA + (1-a)C, 0SaZ<l.
In addition, B can be expressed as a convex conbination of any devices
which bound B and lie between A and C. Such convex conbinations woul d
be optimal, i.e., they would correspond to the solution point called for
by the LP algorithm Although these convex combinations can be inter-
preted as requiring that the gas stream be split and routed through the
nodal devices in the proportions a and (1-a) (in the case of point B,

50% of the gas stream would pass through device A and 50% woul d pass
through device Q), this is not likely to be a practical engineering
solution. Thus, the greater the number of non-nodal solutions, the |ess
the engineering feasibility of the result.

The LP algorithm selects solution points along the segnents QA and
AC on the basis of the marginal control costs for the devices which lie
on these segnments. For any device between points 0 and A, the narginal
control cost is sinmply the slope of a ray fromthe origin to point A
To evaluate the inpact of bringing devices on segment ACinto the
solution, the LP algorithm again uses the marginal cost, which is no
| onger the slope of a ray through the origin, but is rather the slope
of the segment fromA to C. For points on segment AC, the slope of rays
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fromthe origin represent average, rather than marginal, costs. The
mar gi nal cost is $5/ TON between O and A, $10/ TON between A and C, while

the average cost is $5/TON on segment QA and $6 2/3/TON on AC

Two alternative formulations would elimnate the need to consider
convex conbinations. The first alternative would define variables in
terms of tons renoved by a specific control device or units of consunption
and production activities (e.g., tons of high grade steel produced with
1.6% sul fur coal or kilowatts of electricity produced in a steamelectric

powerplant with a wet scrubber installed). This approach is utilized by
Kohn [ 6] .

The second alternative is integer programming, with explicit consid-
eration given to each discrete control measure alternative. However, this
woul d require consideration of the narginal cost of each control device
within the set bounded by segnents QA and AC, at considerably greater
programming and conputational costs. It ten devices were included for
each of twenty-seven sources, 1027 possi bl e conbinations of control devices
woul d have to be considered. The machine tine required for a typical
say, branch-and-bound, solution would be neasured in years, although a
heuristic integer programcould be enployed to approach an optinmum
(usually very closely) at a much lower cost. 1In contrast, the separable
progranming fornmulation actually attains an opti num However, an integer
program coul d consider the synergistic and multi-nedia effects of contro
devices much nore easily than the present approach.

On the other hand, the present fornulation allows consideration of
a nunber of control alternatives for each source, yet is nuch simpler to
program and cheaper to run than approaches which use activity levels as
i ndependent variables or are based on integer programmng techniques
Only two node points and the slopes of Lines between them are input data
for each source in the present approach. In addition, control variables
are fornulated directly in terms of tons renoved, an advantage in conputing

regi onal aggregates and possibly in enforcing control strategies
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SECTION VI

DI SCUSSI ON OF RESULTS
CAVEATS

In reviewing the results presented in this section, the follow ng
assunptions and conditions nust be kept in mnd:

1) Annual concentrations are in terns of arithmetic rather than
geometric averages.

2) Only the cost of particulate control is considered. Synergistic
effects of particulate and S0, control and multi-media effects are ignored.

3) Area source control costs, dynanic adjustments to control costs,

and externalities are not neasured or considered.

4) Since the ALC strategy considers only a few sources and receptors,
it is probably not the true optimal solution for the St. Louis AQCR The
use of a different or larger source-receptor set would most likely alter
the solutions for the three strategies considered, although differences
shoul d be snall.

5) The control cost segments must be carefully interpreted as
expl ai ned above. Problems of technological feasibility may be encountered

and marginal control costs may vary at different utilization rates.

6) Constraints on production activities are omtted fromthe
problem  Such constraints insure that the region considered consunes
only the available supply of resources and generates no surpluses. A
short supply of eastern |owsulfur coal, for exanple, is an inportant
limtation to sox control efforts. Resource constraints were onitted
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from this paper since particulate control would not inpinge on scarce
resources to a significant degree. If control of other pollutants were

consi dered, resource constraints would probably be required
GENERAL COST ANALYSI S

Figure 3, which contains the principal results of this study,
presents total regional control costs for three control strategies as
a function of air quality.* The functions for the SIP and ALC strategies
relate costs to “achieved” air quality as explained above. Two ELC
curves are presented -- one for "achieved', and one for "predicted"
ambient quality. The predicted level is that which is enployed in the
ELC constraint equation (representing the greatest inprovement required
in anmbient quality). The achieved level is obtained by feeding the
controlled enmission levels from all sources into the diffusion nodel and

sel ecting the highest receptor concentration.

The control costs for the SIP strategy in Figure 3 are seen to be
as much as one order-of-magnitude larger than those for the ALC strategy.
Over the range of interest, 60 to 40 pg/m3,in this figure, the ratio
never drops below six, indicating a very substantial penalty for using
the SIP strategy.

The range of interest was determned by assuming that controlled
area sources and remaining point sources, which account for 20% of
regi onal emissions, contribute approxi mately 25 pg/m3 to the maximum
receptor. The Federal anmbient air quality standards for particulate
are stated as geonetric averages (75 and 60 pg/m3),MMiIe the results of
this paper are stated in terns of annual arithmetic averages. Gven a
standard geonetric deviation for the region, it is possible to relate

these two quantities, but they may vary considerably. Assuming a noderate

*Total costs, as explained above, only include control costs
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standard geometric deviation, the Federal standards become 85 and 65
pg/m3 annual arithmetic average (prinmary and secondary, respectively).*
The 60 and 40 pg/m3 concentrations in Figure 3 correspond roughly to
these primary and secondary anbient particulate standards when the

25 ug/m3 increment for onitted sources is added

The difference between the cost functions for ALC and ELC quantifies
the inportance of the location variable (i.e., transfer functions)? since
ALC includes this variable plus variations in marginal costs, while ELC
considers only narginal costs. Over the 60 to 40 pg/m3 range, ELC
requires at least twice the expenditure required by ALC in achieving the
sane ambient quality level. This result is not surprising in view of
the fact that source-to-source variations in the magnitudes of the
transfer coefficients and marginal costs are about the source (each
varies by as nuch as a factor of 100), i.e., these two variables are of
roughly equal inportance. Note that the enphasis in the ALC ELC conparison
above is on achieved air quality, and that, because of use of the roll-
back calculation, ELC performance falls short of predicted levels for
air quality better than 50 ughn%

Despite the considerable cost savings of the ALC strategy over ELC
the latter still possesses a substantial cost advantage over the SIP
strategy. The ratio of SIP to ELC control costs is as high as six to
one at 60 pg/m3, but drops to about eight to six at the secondary stand-
ard. Regardless, a substantial cost differential exists for a wde
range of air quality.

An alternative way of |ooking at control strategy efficiency is to
consider air quality as a function of tons of pollutant removed as in

*Based on Larsen [11], the annual geonetric average of 75 ug/m3 transl ates
into an annual arithmetic average of 77 or 96 umg/m , depending upon whether
the standard geonetric deviation for the region has a verx | ow or a very

hi gh value. Annual geonetric standards of 75 and 60 ug/m” | assuming a
moder ate standard geonetric _deviation of 1.50, correspond to arithnetic
standards of 85 and 65 pg/m3,respectively.
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Figure 4. Here the assimlative capacities of Landfill sites as well as
the atnosphere are regarded as scarce resources; the nore efficient the
al location, the snaller the number of tons which nmust be renoved to
achieve a given Level of anmbient air quality. The ALC strategy not

only achieves air quality goals at mnimm cost, but mininzes the tons
of particulate matter to be disposed of in land-fill or on-site |ocations
This strategy, therefore, poses the fewest inter-media pollutant-transfer
problens. From Figure 4, the ALC strategy achi eves an anbient quality of
50 pg/m3 by renoving 100 tons/day of particulate natter, while both the
SIP and ELC strategies nust renove alnost twice this amunt to achieve
the same result.

However, by renoving far nore tons per day than the ALC strategy,
ELC does buy cleaner air. That is, the air quality under ELC not only
neets the standard at the worst receptor but is substantially cleaner
at nost other receptors than ALC, which tends to inprove air quality to
the mninum extent required. The same inprovement in air quality is
produced by the SIP strategy vis-a-vis ELC and ALC. These rel ationships
are illustrated in Figure 5.

The cross sectional profiles of regional air quality shown in this
figure are, of course, illustrative only. The upper curve shows existing
(uncontrolled) air quality, with the receptor recording the nmaxi num
particul ate concentration located in the Central Business District (CBD).
| npl enentation of the SIP strategy brings the air quality at this receptor
down to the level of the standard, and at the sane time, inproves air
quality at all other receptors in the region (bottom curve, |abeled “SIP").
The ALC strategy also neets the standard, but, because nmaxi num use is
made of atnospheric assimlative capacity, air quality is inproved only
as much as it needs to be, generating the “plateau” appearance shown in
Figure 5 (dotted line labeled “ALC’). The ELC strategy lies mdway between
the ALC and SIP -- note that it has been assuned that this ELC strategy
achieves the air quality standard. The cross hatched areas illustrate the

increments of clean air associated with the higher cost ELC and SIP strategies
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Area A shows the air quality inprovenent gained in going from ALC to ELC
and Area B shows that gained in going fromELC to SIP. As shown above

each of these jumps (from ALC to ELC, and from ELC to SIP) may increase
costs by a factor of 2 or nore.

The substantial cost differences between the three strategies is
again denonstrated in Figure 6, where cost is a function of tons renoved
The ELC strategy removes the required 200 tons/day at only one-fourth
the cost incurred by the SIP strategy, for example. Figure 6 also clearly
illustrates that the ELC strategy nminimzes costs to achieve a given

em ssion reduction, not a given anbient air quality.

Al'though the foregoing analysis indicates what to expect as the
primary standard is attained and the states begin to nmove toward the
secondary standard, the inmpact of area source control costs nust be
i ncl uded before a definitive result can be obtained. However, it is
highly probable that the cost ratios anong strategies will basically

remain unaltered

EQUITY, TAX STRATEG ES, AND EFFI Cl ENCY

A nunber of alternatives exist to the discrimnatory em ssion regula-
tions described above. These alternatives involve inposing taxes, either
uniform or’ discrimnatory: a set of positive and negative tax paynents
to equalize the net control costs to each firmwhile enforcing the ALC
solution; a discrimnatory emssions tax to obtain the ALC solution; a
single emssions tax to obtain the ELC solution; and a single emssions
tax derived fromthe ELC solution with a tax on remmining em ssions.

Least-cost solutions of the ALC type are often criticized on grounds
that they require unequal and therefore inequitable expenditure on contro
as well as lead to non-optimal solutions over time. Sources in a given
process and size category which operate different vintage control devices

and have different control costs would be required to renove different
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percentages of enissions, even if there were no variation in dispersion
parameters. In a dynamic context, the ALC strategy may create disincen-
tives to inproving emssion control technology. For exanple, a new sewage
treatnent plant may be required to bear a |arger control burden than an

ol der plant of equal size but with higher marginal control costs. This
penalizes the use of nore efficient devices, retards technol ogica

devel opment, and nmay adversely affect plant |ocation and expansion.

Equality of inter-plant control costs could be achieved without
abandoning the ALC solution of differential enmission control. After
calculating this solution and enforcing the computed |evels of control
positive and negative taxes could be levied against all plants in a
given size and process classification so that the control costs for each
plant are the same. This would reduce some of the disincentive to utilize
newer control technology while still mnimzing the cost of control sunmed
over all firms to achieve anbient standards. Credit could even be given
for inplementation of nmore cost-effective control devices in order to
stinul ate technol ogical developnent. The sum of this expense and the
total cost of ALC would still probably be less than the total cost of the
ELC or SIP strategy.

However, equal payment for unequal environnental degradation may not
be any fairer than differential payment based on the ALC solution. Wth

the latter, polluters pay in relation to environnental degradation.

Thus, in keeping with the concept of marginal cost pricing and as
an alternative to directly controlling enissions based on the ALC
solution, the shadow values of the ALC solution (one for each receptor)
can be enployed to deternmine tax rates which will reproduce the enissions,
anbient quality, and total cost of this strategy. Since shadow val ues
are the marginal costs of degrading air quality at each receptor, sources
can then be left to decide on the least-costly course for thenselves --

whether to abate or pay a pollution tax (which will likely be unique for
each source). The tax for the jth source woul d equal the sum over the
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i receptors of the shadow val ue of each receptor, ;s times the transfer

coefficient, aij’ which is the degradation of air quality at the ith
. .th .

receptor per ton enitted by the j source. g For this source, the

pollution tax per ton emtted woul d equal Z‘L aijsi‘
i=
An emi ssions tax based on the ALC solution requires that the agency
l evying the tax know the levels of control required under this solution
and announce either the appropriate tax rate or nunber of tons which
must be renoved. A tax would be announced sinply to notivate firns to
undertake the required level of control, and once the ALC solution is
attained, remaining emssions would not be taxed.
The minimzation problem for the ALC solution as defined above is:
. T
mnimze c X,

subject to: Ax2 b,

The dual problemis:

maxi m ze sTb,
. _ T <
subj ect to: A's = c,
S 3 0.

The dual naxinmizes the value of air quality subject to j constraints
which require that the total marginal tax paid by the jth source Z, a; .S
nmust be less than or equal to the marginal cost of control for thé ’
jth source.* Any source which is required to control em ssions nust

*In the separable progranming algorithm this marginal cost is one of
two possible values which is applicable for the level of control deter-
mned in the priml problem
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abate until the total marginal tax equals the narginal cost. For a
typical source, this level is represented by point Ain Figure 7. To
control to a |ower |evel would nean paying nore per ton in taxes than
the nmarginal cost of control, violating the constraint. Control beyond
A would inply z: aijsi-z Cj’ whi ch requires that xj =0, That is, the
source need not abate at all

Figure 7. MARG NAL TAX VS. MARG NAL
CONTROL COST FOR A TYPI CAL SCURCE*

Marginal Control Cost

Total Marginal
Tax per ton

Tons particulate removed

In terms of Figure 7, the tax is announced to informfirns of the
appropriate marginal tax rate. Once they know this, they will control
to point A, where the total marginal tax rate equals the marginal contro
cost, under threat of having to pay the nore expensive total marginal
tax. To reiterate, a tax need only be collected when firns are uncooper-
ative; normally no tax needs to be collected beyond the optimal |eve
(point A). Rather than risk mscalculation by firms, the control agency

*The marginal cost of control curve for the separable program woul d
consist of two discontinuous horizontal segnents. A snooth upward-
sloping curve is enployed here for sinplicity.
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may prefer to sinply announce the level of control required by each source

with perfect know edge, the result would be the sane with either nethod.

Anal ysis for the ELC strategy is analogous and is not presented here.
One major difference is that the ELC strategy involves only one neaning-
ful shadow val ue, which means a uniform marginal tax rate for all sources.
Table 2 contains the enmissions tax specified for each source as calcul ated
from the ALC solution based on the air quality level represented by the
63 ug/m3 concentrations (approximately the primary standard) and 40 pg/m3
(approximately the secondary standard) in Figure 3. For the former, the
range is from $4.21 to $643.21 and for the latter from $.11 to $51.03 per
ton of particulate natter. The single emssions tax for the 63 and
40 pg/m3 predicted concentrations calculated from the ELC solution are
$16.00 and $239.99 per ton, respectively.

The foregoing analysis produces inportant inplications about a
pol lution control strategy based solely on a uniform enissions tax not
cal cul ated from individual cost and transfer coefficient data, as were
the ALC- and ELC based emission tax strategies. Such a uniform tax
wi |l probably be revised in an iterative fashion as air quality inproves,
and is fittingly termed an iterative em ssions tax (IET). An IET such
as a sulfur tax, based on the rollback calculation, will probably result
in far nmore costly control to neet a given anbient standard than the
ALC tax strategy, but would approach the cost of the ELC-based tax as a
| ower bound as the variation among individual cost coefficients approaches
zero. Since the |ET ignores individual source transfer coefficients and
costs of control, which produce different tax rates per ton for each
source in the ALC solution, an |ET nust be nore costly than an ALC based
strategy. The difference should be very large, based on the cost savings
attainable with the ALC strategy.

If the agency adninistering the LET first calculated the ELC
solution (for an achieved air quality) and announced its single shadow
value as the uniformtax per ton, the LET and ELC solutions woul d coincide.
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Table 2. ALC EM SSIONS TAX - $/ TON

ALC SCLUTI ON
SOURCE 40 pgla’ 63 ng/m>
! 261. 08 4.33
2 517. 54 18. 38
3 184. 29 2.26
4 84. 54 1.06
5 73.03 87
6 249.73 3.04
7 136. 16 3.27
8 600. 04 51. 03
9 66. 08 1. 20
10 465. 55 11. 85
11 189. 00 13. 08
12 177. 92 5.57
13 579. 39 32. 87
14 133. 48 2.92
15 31. 41 55
16 643. 21 15. 00
17 156. 62 6. 54
18 6.51 25
19 14. 26 48
20 6. 75 120
21 86. 00 1.28
2 90. 73 3.25
23 25. 90 129
24 25, 82 45
25 23. 26 41
26 25. 89 46
27 4.21 11
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O herwi se, the agency must rely on its ingenuity or successive iterations
of air quality nonitoring and tax revision. However, since |egislating
an IET would be difficult, efforts to revise it would probably be even
har der .

Those who propose the IET strategy quickly point toward nodification
of a strict em ssion-based tax to overcome its shortcomngs. One suggestion
invol ves the use of geographical zones to help determine differential
| ET rates, since suburban sources w || probably degrade ambient quality
| ess than urban ones. But since location is only one dispersion paraneter,
a method for handling the other paraneters nust be devised. For exanple
a strategy for dealing with two sources with greatly unequal stack height

must be devised. In addition, problems of equity, enforceability, and
prevention of collusion -- if emssion rights purchased with taxes are
transferrable -- cannot be lightly disnissed

As nentioned above, the ALC and ELC based emissions taxes wll
create disincentives to develop new control technology. A possible
solution to this problem would involve nodification of these strategies
by announcing the tax as previously calculated in either of these
strategies, and then collecting the tax on all uncontrolled emnissions
A dynamic stimulus would be provided to lower the marginal cost curve
over time by introducing nore cost-effective devices, even though the
i medi ate solution would be the same with or wthout the additional tax.

Under this nodified systemthe sumof control costs and the collected
em ssions tax would conprise "total firm costs.” For each plant this
will exceed the ALC or ELC strategy costs by the anount of the emissions
tax actually paid. At an achieved air quality of 63 pg/m3, the total
annual emissions tax is $963,191 and total annual firm costs are
$1,270,050 for the ELC strategy. Again for this strategy, at the
40 pg/m3 | evel of predicted air quality (about 43 »g/m3 achieved air
quality), the total annual enissions tax is $2,887,806 and total annua
firmcosts are $6,733,654. In conparison, the ALC total annual eni ssions
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tax is $226,354 and total annual firm costs are $292,686 at 63 pg/nB,
while at the 40 }.\g/m3 | evel the total emissions tax is $1, 625,199 and
the total annual firmcosts are $3,534,337. Both strategies, however,
produce total firm costs substantially below total costs of control

for the SIP strategy at both levels of air quality.*
MARG NAL BENEFI TS AND COSTS

The optimal level of control occurs where the marginal cost of
control equals the marginal benefit, since total pollution danages
and the costs of pollution control are mininzed. ** Based on [20],
estimates can be made of nationwi de average benefits to health, plant
life, and property obtained by reducing particulate concentration from
the present level to the primary standard.*** Only fuel conbustion,
industrial process and solid waste sources are considered. The average
benefit estimates range froma low of $135/ton to a high of $421/ton,

*The above discussion did not consider paynments rather than taxes to

i nduce abatenment. The immediate effect on resource allocation from
either scheme should be the same, assuming perfect know edge of potential
source enissions.

**In all the following analysis, it is assumed that the parties which
suffer damages from particulate matter cannot bargain with the polluters.
If this were not the case, the optimal level of control would be |ower.
See [20] for a detailed discussion.

***National benefit figures can be reasonably enployed to generate
average and marginal benefit data for the St. Louis area. This region
is large and heterogeneous enough to produce a good approximation to a
random sanpl e of nationw de exposure to pollutants, age distribution,
racial classification, population density, and other variables enployed
in the calculation of aggregate benefit figures.
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with a md-range estimate of $280/ton in 1967 dollars.* At the |eve
of the primary standard, nost investigators assume that the function
relating total damages to air quality is strictly concave to the origin,

and marginal damages will be less than average damages. However, the

exact shape of the function is unknown. |n addition, since total and
average danmges are only estinated at one point -- approximtely the
primary standard -- marginal damages cannot be directly calcul ated

Nonet hel ess, certain a priori restrictions can be placed on the
rel ationship between marginal and average damages. Control technol ogy
data indicates that the level of abatement required to achieve the
primary standard principally involves removing large particles, so that
remaining particulate matter must be predomnately less than 10 nicrons
Heal th experts feel that these fine particles are nbst injurious to

human heal t h.

A reasonable assunption, therefore, is that the total benefit
function continues to rise steeply fromthe primary to the secondary
standard and beyond, so that marginal benefits are not substantially
| ess than average benefits. That is, sone factor k exists such that

average benefits times k equals marginal benefits, 0O<k<l. Based on

*These figures were obtained by first assuming that 8 nillion tons of
particul ates are m scellaneous, background, or non-urban. O the 19
mllion tons renmining, renoval of 17 mllion of theminplies about 90%
control of all emissions, and would bring air quality from the present
level to a point very near the prinmary standard. The |ow, niddle, and
high estinmates of total benefits fromthis reduction are $2.57, $5.11,
and $7.67 billion. However, only the benefits fromcontrol of fue
conbustion, industrial process and solid waste sources are desired. The
percentage of total air quality degradation weighted by popul ation
exposure due to these sources (84% is expressed as a ratio of the total
percentage renoved (90%. This ratio is nultiplied by each total benefit
figure before dividing by total tons rembved to obtain average benefits.
All benefit data is in 1967 dollars so it can be conpared with the 1967-
based cost data. Certain factors operate to nmake these figures both
under- and over-estimates of the true benefits. (See [23] for a conplete
di scussion.)
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the above argument, it is reasonable to assune that k is close
to 1.

From Figure 3, marginal control costs can be derived for the SIP
ELC, and ALC strategies. At the 60 pg/m3 | evel (corresponding appr ox-
imately to the prinmary standard), narginal costs per pg/m3 decrease from
$122,500 for the SIP strategy to $55,000 for the ELC strategy and
$15,000 for the ALC strategy. Marginal costs increase rapidly for
all strategies as the secondary standard is approached, rising, e.g.
to about $560,000 per pg/m3 for the SIP strategy at the secondary
st andar d.

The cost of control per ton of particulate matter can be obtained
by multiplying the derivative of the cost versus air quality curve
(Figure 3) by the reciprocal of the derivative of the tons versus air
quality curve (Figure 4) and adjusting tons/day to tons/year, or by
simply taking the derivatives in Figure 6 and making the same adjustment
in units. At the primary standard the cost per ton is $5.67, $23.18,
and $64.70 for the ALC, ELC, and SIP strategies, respectively.

A conparison can then be made of average benefits and nargina
costs at the approximate level of the primary standard so the val ue of
k which equates the product of k tines average benefits to narginal
costs can be determined.* At the approximate level of the primry
standard, the marginal cost of $64.70/ton for the SIP strategy is about
one-half the low estimate of average benefits of $135/ton and about
one-seventh the high estimate of $421/ton. |f marginal benefits are
more than one-half or one-seventh average benefits, i.e., k is greater
than these values, narginal benefits will exceed marginal costs. These
magni t udes seem very reasonable based on the above reasoning.

*The particul ate sta%gard does not specify allowable particle size, so
that at a given pg/m” concentration, costs may refer to concentrations
composed of different sized particles than do benefits.
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For the ELC strategy, the nmarginal cost of $23.18/ton is about
one-sixth the low estimate of average benefits and about one-eighteenth
the high estimate. For the ALC strategy, the marginal cost of $5,67/ton
is about 1/24 the low estimate of average benefits and about 1/74 the
high estimate. That is, if marginal benefits are at least 1/24 or 1/74
the size of average benefits, then marginal benefits exceed margina
costs. Ratios of at least this magnitude for the ELC and ALC strategies

seem al nost certain.

REFI NEMENTS

One of the major objectives of this research was to develop an
understanding of alternative ways of fornulating |east-cost pollutant
control strategies and to make reconmendations for future analysis.

Two alternate ways of defining independent variables have been
utilized in the literature -- the one enployed in this paper, where a
single decision variable represents the controlled emissions at each
source, and the other enployed by Kohn [6], where several possible
activity levels for each source describe the quantity of output produced
using various fuel-switching or add-on control neasures. |In the first
case it is necessary to assume either constant marginal costs, or
represent costs by a convex function and use a separabl e programi ng
technique (rather than the normal LP). In the second approach, because
there are several variables per source, the only required assunption is
constant costs per unit of output produced under a given contro
alternative. Despite the larger number of independent variables
required by this approach, it is still basically equivalent to the firs
one, since special variables have been introduced to define the convex
cost function used with this technique

Divisibility problems exist with either approach. In the single-
vari abl e- per-source approach, the solution may occur at a point on the
cost-versus-control -efficiency curve where no device exists, requiring
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a convex conbination of two devices, while the solution under the

mul tiple-variable approach, for example, may call for production of

half of the output using a 99.7% precipitator and half wth uncontrolled
em ssi ons. In the real world either of these would mean splitting the
gas stream and running each portion through one or nore devices --

somet hing which could be done, but is certainly not common practice

In addition, devices may be inconpatible, e.g., when a solution calls
for production with |ow sulfur fuel and control with flue gas desul fur-
ization. Despite these criticisms of the nultiple-variable approach,

it does satisfy constraints on scarce resources and guarantee required

out put .

A mxed-integer program which would select only one control device
per source, could be enployed to avoid these kinds of problens. However,
as di scussed above, conputational costs rise considerably. The tradeoff

must be carefully weighed

The fact that this paper has dealt with only one pollutant neans
that another inportant difference between the single and nultiple-
variabl e approach has been ignored. When considering the inpact of
simul taneously controlling several pollutants with a single contro
measure, the single-variable approach would require a separate cost-
versus-efficiency-of-control function for each pollutant and each source
The multiple-variable fornmulation makes the cost of each control device

explicit and allows for nuch easier tracing of their multi-nedia inpact.
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A. ELC CONSTRAI NT

The purpose of this appendix is to prove that the use in the ELC

program of only the one constraint whose receptor requires the greatest

improvenent in air quality will produce the |argest necessary reduction

in regional emssions. This proof will be made for a two-constraint
(two-receptor) case

Def i ne

(1) [X Ei = ET - Esi i=1, 2

wher e ZS Ei is the required reduction in regional enssions

so that the anbient standard is met at receptor i, Ejis

total regional em ssions, and B is the level of regiona

em ssions which would satisfy the air quality standard at
.th
the 1™ receptor.

Using a standard fornulation (see Kohn [6]) et
(2) q. = b

wher e qQ; is the air quality at the ith receptor, b the
background at all receptors, while E is regional enissions.

Then define

(3) q. - b
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wher e qg is the air quality standard for the region and

a, is defined in (2).

Then from (1) - (3)

A, _ Ep-By
A B Er - Es2

which sinmplifies to

(4) A ql-qs/ q, - a
AEZ ql-b qz-b

where € is some positive constant,

substituting (5) into (4) yields

(6) By I ST d; = 9
AE 9 =9t € 9 =9 F€
AE

>

N

Thus 1 (q, - q)) + € (q; = q)

A E, (q = a) +€ (qy = q)
or
1+
(7) AE 9 "%
A EZ 1 + E
9 T 9%



Three cases exist for (7):

=
Hm

A *2
E
() tfay = dp AEL > 1
A B2
E
() ifq = 9y, Al < 1.

A ®2

Therefore, the constraint with the highest air quality concentration
and therefore the greatest required inprovenent in air quality wll

require the greatest regional emssions reduction.
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B. SEPARABLE LI NEAR PROGRAM

The optimzation technique enployed is the |BM MPS/ 360 separable
|i near program which enploys the "delta nmethod," described in detail
in [4]. This algorithm allows approximtion of a continuous non-Iinear
function (e.g., a cost function) of nore than one variable provided the
function is separable, i.e., contains no cross-product terms.*

The separable program represents a non-linear objective function
and any non-linear constraints as piecew se approxinmations defined by
a set of special variables. The use of nmore |inear segments inproves
the degree of approximation of the non-linear function. Additional
accuracy is then traded-off against programmng and conputational

expense.

Let the original non-linear mnimzation problem be

m
mninmze & = Z £.(x,),
j= Jj o]
(1) subject to:
n
Y TRCRIL I f=1, eee, m,
j=
xjf 0, j =1, eeey ne

*Cross-product terns can be separated with a procedure described in [3].
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The piecewise approximtion is then

n T
mninmze g = Z Z Eei Lo
=1 k=0 3
(2) subject to:
r,
n J
Yooy g et by 1=1, cees m,
=1 k=0 ij 7
r
2
]- =1 j= ]- LR ) n
= k. ’ ’ ’ b4
k=0 j
L =2 o, for all k, j.

Equation set (2) can be witten in natrix form as
mninze le,

(3) subject to:

where f and 1 are colum vectors of cost coefficients and special
variables, respectively, and Gis a matrix containing m+ n rows and

Z r:j + n columns. (The delta method actually involves approximting
j

(1) by the introduction of variables somewhat different from those
employed in (2).)

L t o : :
Each additional j B original variable requires one new row and

rj 4+ 1 new colums for the G matrix. Additional resolution attained,
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for exanple, by adding another special variable for one origina

variable requires no nore rows, but one nore colum.
The solution to (2) is a global as well as Local mnimmif the

feasible set is convex and the objective function is convex to the

origin.
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